In his Presidential Address at the opening of the International Physiological Congress in Boston, Krogh stated that nature has indeed cared for the interests of scientists, and in a number of cases has created such experimental material and such types of organisms as are especially suited to the study of one or another specific biological problem.
One might say that nature has gone even further. Among her remarkable creations there are such specimens as have been created not only for the solution of one or another specific biological process, but also for the study of the chemical laws of living matter. Muscle must be ranked as the foremost of these.
It is no exaggeration to say that all our understanding of the fundamental biochemical processes which find their basis in the physiological activity of any structure or organ has been wholly based on the results obtained in the study of the chemical dynamics of the muscle. In the study of the chemistry of any specialized structure or organ-whether it be nerve cell, developing embryo, malignant growth, endocrine gland, or young growing bone-the investigator invariably starts from those concepts formed in the study of muscle structure. It is these concepts that form that common basis which makes possible an understanding of the specific characteristics and peculiarities of the chemical dynamics of one or another biological specimen.
The broad general significance of the specific and individual phenomena which are revealed in the study of the biochemistry of muscle leads us to present here some results obtained recently in our work on the enzymology of muscle tissue. The study of the enzymic properties of muscle proteins has led us, on the one hand, to the question of the relation between the chemistry and mechanics of musdes, and, on the other hand, to some general condusions regarding the catalytic functions of the proteins of protoplasm, i.e., those which we call "living proteins."
Among the substances whose transformation lies at the basis of the most important metabolic processes of the muscle is adenosinetriphosphoric acid. This is a most important specific compound, regarded by most investigators as being directly related to the physiological function of the muscle and its contraction and relaxation.
This substance fulfills two functions of primary importance in the energetics of the muscle. On the one hand it acts as a co-fer- On the other hand, adenosine-triphosphoric acid is capable of hydrolytic decomposition with the splitting off of mineral phosphoric acid. We shall chiefly concern ourselves with this latter aspect. This reaction is strongly exothermic, yielding as much energy per molecule of decomposed adenosine-triphosphoric acid as was previously computed for the reaction of greatest importance for musde processes-the decomposition of the sugar molecule to lactic acid.
The majority of contemporary investigators visualize the decomposition reaction of adenosine-triphosphoric acid to be that primary exothermic process which serves as the immediate source of energy for muscle contraction. The enzyme called adenosine-triphosphatase, which causes this decomposition reaction and which furnishes the chemical basis of the musde mechanism, is clearly of great interest.
It is strange that this enzyme has been almost completely ignored in contemporary biochemistry and has remained entirely uninvestigated from the enzymatic point of view. Considering the importance of this enzyme and the vital part it plays in muscle metabolism, wel3 undertook a more detailed investigation, which gave results of broader and more widespread significance than at first expected.
invariably associated with that fraction of the muscle tissue proteins which is considered to be the contractile component of the muscle proteins, that is, myosin.
We give here a brief account of the characteristics of this remarkable protein.
Myosin is a protein the molecules of which show a well-defined 1 ,co shown, the first sign of the %,R § decomposition of the myosin is the loss of one of its characteristic optical properties-stream anisotropy.
As already pointed out, the enzyme adenosine-triphosphatase was invariably found in the myosin fraction. All attempts at isolation of the adenosine-triphosphatase activity from the myosin by physical means were unsuccessful. For some proteins and enzymes we may effect a separation by means of crystallization. For myosin this is impossible. The customary method of isolating and purifying myosin physically is to allow it to precipitate by lowering the concentration of salts, carefully acidifying it, and salting it out. All these steps were investigated with the one invariable result: in all cases the adenosine-triphosphatase activity accompanied the myosin.
Methods for determining the identity of preparations by means of fractionation of the solution in the presence of excess of the undissolved phase, as proposed by S0rensen and widely used by Northrop in his studies of protein enzymes, were difficult to apply to myosin on account of its being extremely hydrophylic. In so far as this method could be successfully used it gave no indication of any lack of identity in our compounds. We therefore came to the conclusion that the adenosine-triphosphatase activity cannot be separated from myosin by physical means.
Not only in its physical relation, but also in all its other proper- It might seem that the results of these purely preparative experiments are insufficient evidence to establish the identity of myosin and adenosine-triphosphatase. The same might be said about the correspondence of the properties of myosin and adenosine-triphosphatase. Nevertheless, the complete agreement of the results obtained along these entirely independent lines of investigation, and the complete lack of data not in agreement with these results, give us the right to maintain that myosin itself, the contractile constituent of the muscle, is the bearer of the properties of adenosine-triphosphatase. We therefore come to the conclusion that the protein, which is the contractile constituent of the muscle, is at the same time the catalytic agent which promotes that chemical reaction which provides the direct source of energy for muscle activity. Myosin is not only the passive substrate, but is also the active promoter of muscle dynamics.
As a result of the elongated, rod-like or even thread-like, structure of its molecule, myosin has one extraordinary property. As Weber2" showed, solutions of myosin injected into water form fibers of considerable strength. These fibers reproduce in great detail the optical properties and molecular structure of the contractile substance of the muscle fibril. They exhibit the double refraction characteristic for the contractile components of the muscle, and they give the typical X-ray diagram of muscle fibers.
It was found that myosin in such fiber form also preserves its enzymic properties-those of adenosine-triphosphatase. We chose myosin threads for the investigation of the relationship between the chemical processes and the mechanical phenomena of muscle. These experiments were the natural outcome and development of results obtained4 during the study of the enzymatic properties of myosin.
As mentioned above, the activities of muscles, their contraction and relaxation, are the result of changes in the molecular or micellar state of the myosin, caused by chemical agents which appear or disappear in muscle metabolism.
Accordingly, three problems confront muscle physiology and biochemistry. The first is to determine the molecular structure of the contractile component of the muscle. The second is to study as fully as possible the metabolic processes of the muscle and the compounds appearing and disappearing therein. The third is to establish what substances act (and in what manner) upon the molecular structure of the contractile material, changing its mechanical state and thus producing contraction and relaxation.
The first of these problems-the determination of molecular structure-is solved by structural X-ray analysis. Most important for this investigation is the fact that in the myosin thread we have a complete model of the molecular structure of the muscle fiber. As Weber,20 one of the greatest authorities in this field and to whom we are especially indebted for the study of the physics of muscle proteins and particularly of myosin, says: "the X-ray diagram of the myosin thread is the X-ray diagram of the muscle fiber."
The second problem-the study of muscle metabolism-has during the past twenty years been most extensively investigated. These studies have led to greater depth and precision in our understanding of the chemical processes occurring in the muscle and of the various substances which take part in these processes.
The third problem-the determination of the relation between the chemistry and the mechanical properties of the contractile component of the muscle-has remained completely untouched. We wished to determine whether the myosin thread, being a complete model of the molecular structure of the muscle fibril, could not be used as a mechanochemical model.
For the investigation of the mechanical properties of myosin threads the apparatus shown in Fig. 1 Study of a number of compounds which might play a part in muscle metabolism showed that they produced no noticeable effect upon the properties of myosin threads. But one substance-thus far the only one of all those investigated-produced a marked effect, increasitg the extensibility of the myosin threads by from one and one-half to two times. This substance was adenosine-triphosphoric acid.
The effect of adenosine-triphosphoric acid is graphically presented in Fig. 2 .
Only threads which are relatively fresh have the ability to respond, by changes in extensibility, to the action of adenosinetriphosphoric acid. Threads which have been kept for several days may retain their normal extensibility without any marked change, but their response to the action of adenosine-triphosphoric acid gradually disappears. As a rule this occurs simultaneously with the loss of the enzymatic properties of the fiber.
We found that the adenosine-triphosphatase properties of myosin are completely destroyed by silver salts in extremely small concentrations-of the order of 1: 100,000 molar. In the presence of or after preliminary treatment with silver the myosin threads lose their ability to change their mechanical properties under the action of adenosine-triphosphoric acid. We found the action of silver to be specific: the silver in no way affects the normal extensibility of the myosin threads, but only eliminates the possibility of evoking an additional extensibility by the action of adenosine-triphosphate. Thermal treatment of the threads that destroys their enzymatic properties also eliminates the effects of adenosine-triphosphoric acid. However, Weber has shown that in this case the normal extensibility of the threads is slightly changed. The general impression (more detailed evidence is required for definite proof) is that myosin threads retain their ability to change their mechanical properties under the action of adenosine-triphosphoric acid only so long as their enzymatic properties remain intact. The evidence at present is insufficient to conclude that there is a causal relationship between these two properties, although this conclusion might seem very tempting. It might be more cautious at present to regard the enzymatic properties as criteria of the native or "para-native" state of the myosin. We consider the loss of enzymatic properties as a sign of the beginning of the decomposition of the myosin. The loss of the ability to respond to the action of adenosine-triphosphoric acid with a change in mechanical properties must also be regarded as a symptom of the beginning of the decomposition of the myosin.
We must emphasize that adenosine-triphosphoric acid affects the myosin thread not in the sense of contraction but of relaxation.
However, this fact does not detract from the significance of the results for the problem of muscle activity. Muscle activity consists of two phases which are mutually inseparable: contraction and relaxation. The view that muscle contraction is a purely physical process similar to the discharge of a condenser is supported by much data and by many reliable investigators. The whole of the chemical energy is expended in the process of relaxation-the charging of the condenser-in order to bring the muscle into such a state as to enable it to contract. Direct uncritical observation has drawn attention to the phase of contraction, and has left the phase of relaxation unobserved. It has, therefore, been customary to speak only of musde contraction. Systematically this is undoubtedly erroneous; a correctly planned investigation must devote its attention equally to both phases of muscle activity, which together act in indivisible unison. The discovery of the factors responsible for muscle relaxation, that is, the stretching of the contractile elements of the muscle, is just as important as is the discovery of the causes of contraction.
Summarizing the above one may say that the postulate forming the basis of all contemporary theories on the physiological activity of muscles supposes that muscle function depends on the interaction between the contractile substance (myosin) and the chemical compounds which are the substrate or the products of musde metabolism. Although this postulate is accepted by all, it has never yet been proved.
Experiments of this type were performed, but they either were of a speculative nature or were unsuccessful. As an example we may cite the hypothesis proposed by M. Fischer, and later many times repeated, that changes in the state of muscle proteins are caused by changes in the hydrogen ion concentration. This view is reflected in the theory of Embden and his school of workers. Direct experiments to confirm these theories were not mentioned by the authors. It is necessary to emphasize that in our experiments, contrary to our own expectations, we were unable to find any characteristic changes in the mechanical properties of the myosin threads within the limits of pH 5.0 to 7.5, i.e., within the physiological zone. Outside of this zone, the threads disintegrate, tear, and break.
In another recent investigation, Weber22 attempted to discover the effect, on the solubility of myosin, of a number of active substances occurring in muscle metabolism. Weber used substances such as adenyl derivatives, creatine, etc., which were also investigated by us, but he could not disclose any influence on solubility.
There is reason to believe that the data presented above, demonstrating, on the one hand, the reaction of the contractile component of the muscle (myosin) with adenosine-triphosphoric acid, which is one of the chief substances playing a part in the energetics of the muscle, and, on the other hand, the change in the mechanical properties of myosin under the influence of this very substance, offer the first case of direct demonstration of the mutual interaction between the bearer of the mechanical properties of the muscle and the bearer of the chemical energy of the muscle. This is the first demonstration of the relation between the mechanics and the chemistry of muscle.
We therefore regard three aspects of myosin as being of fundamental importance.
1. Myosin is the bearer of the contractile, mechanical properties of muscle. 2. Myosin is the bearer of catalytic properties, i.e., the promoter of chemical reactions. 3 . Myosin takes the form of a chemical transformer which converts chemical energy into mechanical action. It has been the dream and goal of those working in the field of the physiology and biochemistry of muscle to discover the relation between the chemical processes occurring in the muscle and the changes in the state of its contractile substance-myosin. This dream remained beyond experimental realization. We believe that the experiments described are the first step toward the realization of this dream and its formulation in concrete form. It is dear that this is but a small and modest step, but satisfaction may be derived from the fact that it has been possible to find the way which may lead to further effort.
The Of particular interest would be the study of the refractive properties of myosin threads subjected to certain reactions, since these reflect changes in the micellar structure of the thread. X-ray diagrams of the threads under the influence of "active" substances will doubtless be of interest. One might expect to find changes in the periodicity in the presence of substances changing the mechanical properties of myosin threads.
It is difficult to enumerate all the paths along which further investigations could develop. The significance of the experiments here presented does not rest upon the modest results obtained at present, but in the opening of a new perspective and approach to the study of what might be called the mechanochiemistry of the muscle.
In addition to myosin, we' subjected another characteristic muscle protein-myogen-to investigation. As Weber has stated, "muscle is basically composed of myosin and myogen." If myosin is the contractile component of the muscle and the structural basis of the fibril, then myogen makes up the main bulk of the liquid portion of the muscle tissue, the sarcoplasm. Myosin and myogen make up respectively 40 and 20 per cent of the total protein content of the muscle.
Myogen presented a particularly tempting subject for investigation, since Baranowski has succeeded in obtaining it in crystalline form. We undertook to ascertain whether the crystalline myogen of Baranowski is or is not endowed with enzymatic properties.
In this case our path of investigation was the reverse of that used in the case of myosin. In our experiments with myosin we started from a specific enzyme, adenosine-triphosphatase, and concluded that it was identical with one of the muscle proteins, myosin. With regard to myogen, we began with the examination of one of the muscle proteins and also came to the conclusion that it had enzymatic properties.
Analysis of the crystalline preparations of myogen showed that these crystals possess a high enzyme activity. The crystals are the centers of the activity of aldolase, one of the important enzymes of carbohydrate metabolism. This enzyme causes the splitting of the six-carbon chain of glucose (in the form of its phosphate ether) into two three-carbon molecules which serve as the origin of lactic acid, the final product of the decomposition (anaerobic) of the musde carbohydrates.
This enzyme action was retained after recrystallization for as many as four times. Thus, once again, it was found that a protein easily obtainable from the muscle in considerable quantity and in a high degree of purity and which is one of the basic proteins of the muscle plasma is a bearer of enzymatic properties.
In the light of these results obtained with the two most important proteins of muscle tissue, it is appropriate to consider some of the general problems connecting enzymology with the biological functions of proteins.
The concept that enzymes are substances present in the cell in minute, almost indeterminable quantities has been commonly accepted. The affirmation that a protein which represents a large and sometimes very considerable part of the cell protoplasm possesses fermentative properties, sounds somewhat unusual and, to many people, improbable.
It is certainly useful to subject some of our most firmly established views and concepts to periodic, critical review. To accept them dogmatically only slows up our scientific progress and hinders our penetration into new fields of knowledge. It is sufficient to quote a single example. When, fifteen years ago, it was reported that enzymes could be obtained in crystalline form, and, indeed, in large quantities, it was regarded with skepticism by all of the most prominent enzymologists of the time. However, in less than one and one-half decades, there occurred a radical change in our point of view: it is no exaggeration to say that the entire study of enzymes, as chemical entities, is at present being developed entirely on the basis of their preparation in crystalline form.
It may be pertinent at the present time to ask how well founded is our concept of enzymes as substances present in minute, barely detectable quantities in the cell. Related to this is another question, namely, whether we are correct in assuming that the protein which constitutes the main bulk of living protoplasm is chiefly merely a colloidal chemical-one which is admittedly very motile but nevertheless a rather passive substance-which, composing the substrate, responds to one or another biochemical reaction or whether it is not the active force which initiates reactions. There is evidence that a review of these two generally accepted concepts is timely, wellfounded, and necessary. As a result of the work on the preparation of crystalline enzymes, the fact that they are substances of a protein nature has become commonly accepted and must be considered well established. We may now postulate protoplasmic proteins as substances of catalytic nature.
In the case of myosin, that protein which makes up such an important portion of the muscle tissue, we saw that it was not possible to attribute to it merely the role of a passive substrate subjected to chemical reactions. Myosin was found to take an active part in muscle chemistry, to be the catalyst of an important biochemical reaction.
In addition to our own results mentioned abcve, we may cite a number of results from the literature of the past few years. There is sufficient evidence that in many cases the amount of one or another enzyme is by no means insignificantly small, and may markedly exceed the amount of many substances well known to us, such as phosphates, cholesterin, or extraction products. The content of many enzymes in cells, it is found, is to be measured in tenths of a per cent, it often reaches one or more per cent, and in some cases it even constitutes 10 or more per cent of the cell. Relevant data are recorded in the following We see that urease, the first enzyme produced in crystalline form, makes up 0. 1 2 per cent of the dry weight of the bean, according to Sumner. Considering the fact that the bean is to a large extent made up of inert reserve food materials, we realize that the urease constitutes several tenths per cent (approaching one per cent) of the active protoplasm. This quantity is not insignificantly small; it is readily measurable.
In liver the group of respiratory enzymes that are derivatives of vitamin B2, the so-called flavin enzymes calculated on the flavin content, make up about 1 per cent of the dry substance, that is to say, a hundredth part of the solid substance of the liver is composed of this enzyme.
The important enzyme of gaseous exchange-carbonic anhydrase, which controls the discharge of CO2 from H2CO3 in the lungs-is, according to Keilin and On the basis of these examples it no longer seems completely improbable or untruthful to assume that, inasmuch as the content of catalytic proteins in the highly specialized glandular cell or in the red blood cell can make up a large bulk of the whole of the living material, the protein myosin found in the less specialized muscle cell is endowed with catalytic properties. Accordingly, it is permissible to conclude that it is possible, and even probable, that the main mass of the living protoplasmic proteins is none other than proteins endowed with one or another catalytic (enzymatic) property. In the light of this concept, protoplasm must not be considered as a mass of undifferentiated protein which serves as the intermediary or substrate of biochemical processes, and which contains minute quantities of enzymes; it is more correctly described as a conglomerate of catalytically active proteins which promote the chemistry of the whole of the metabolism of the cell.
Na-fturally, if each of the enzymes composes such a significant amount-one or more per cent-of the mass of the protoplasm, the question arises as to whether all of the enzymes necessary to the cell can be contained in the 100 per cent of the protoplasmic proteins?
The first answer to such a question is that the figures given above refer in the majority of cases (except perhaps for urease) to enzymes or catalytic proteins which are the basis of processes and functions whose fulfillment is the predominant activity of the cell or tissue in question.
Muscles are entirely specialized for a contractile function. It is, therefore, not surprising to find that the enzyme which lies at the basis of this function composes a predominant part of the protoplasmic protein of the muscle. In the same way the erythrocyte is completely specialized for the transfer of oxygen. We are not surprised that practically the entire substance of the red blood cell is nothing more than a protein adapted for this specialized function.
The processes of specialized predominant metabolism completely overshadow quantitatively those other metabolic processes whose measurement is required for statistical purposes: elementary processes of cell nutrition, growth, etc. The speed of reaction of these latter processes is immeasurably slow, and the quantities involved are extremely small as compared with the processes of functional specialization of metabolism. It is obvious that in order to assure these slowly occurring reactions, it suffices to have present quite insignificant quantities of the corresponding enzymes. And it will not be surprising to find many of these enzymes in very small, almost insignificant, quantities in the cell. A second point that arises in regard to the possible lack of sufficient proteins to assure all the catalytic requirements of the cell is the assumption that there is a possible polyvalence of the proteins in a catalytic sense, i.e., that possibly a single protein may discharge different catalytic functions as the result of different specific groupings in its structure. As A. E. Braunstein has well said, we shall be dealing with the plurality of the catalytic functions of proteins. Some data have already been collected to substantiate this theory.
We know that hemoglobin has at least two, and probably three, catalytic functions. Aside from the extremely powerful catalytic function in the transfer of oxygen, it also has the properties of peroxidase-admittedly weak, yet wholly perceptible. Apparently it also has the very weak but existing characteristics of catalase.
K. G. Stern, 18 in his work on oxidative enzymes, presents the following interesting idea. There may exist in the cell large protein molecules or micelles with a molecular weight of the order of millions, which contain on their surface a network of catalytically active groups, oriented in such a way that they assure a smooth flow of complicated enzymatic processes such as cell respiration.
In one of his papers Euler8 says that if we have hitherto failed to discover reproducible and well-defined substances with multiple enzymatic properties, this is caused principally by the fact that not only have we failed to look for them, but we have, on the contrary, tried to escape them in order to find unity of function. Perhaps the time has come, says Euler, to direct our effort to the search for such substances with several enzyme functions. We may hope that such investigations will lead to the discovery of such entities as are the building-stones of living protein, of viruses, or of protoplasm.
Two interesting problems now confront the investigator: First, to try to obtain a sufficiently large number of well-defined cell or tissue proteins in a form approaching chemical purity. Second, to examine the products obtained with regard to as many as possible of their enzymic functions.
Investigators have already embarked upon these problems. Dounce and Sumner2 have already obtained a crystalline protein of globulin nature from liver. Keilin and Mann"' obtained cuproproteids such as hemocuprein and hepatocuprein. Kuhn12 obtained ferritin, a crystalline iron-containing protein. In all these cases the authors proceeded in the same manner as we did when we obtained crystalline myogen according to Baranowski's process: they examined their products for enzymatic properties. It is true that the results obtained up to the present have been negative, but this should not be discouraging, because the scope and character of the enzyme actions examined can not be considered as sufficiently comprehensive.
Perhaps such a proposal may appear too vague, but there exist many well-founded reasons for believing that it is highly improbable that it will be possible to obtain proteins of a completely inert nature devoid of catalytic properties from the living and active plasma of the cell. We have the right to assume that the living protein of the plasma is prinarily a catalytically active protein, a protein with the properties of an enzyme.
